Fractionally charged massive particles (FCHAMPs) appear in extensions of the standard model, especially those with superstring constructions. The lightest FCHAMP would be absolutely stable and any of them produced during the early evolution of the Universe would be present today. The thermal production, annihilation and, survival of an FCHAMP, a lepton L with electroweak (i.e., U (1)Y ) but no strong interactions, of mass mL and charge QL (in units of the charge on the electron) are explored. The FCHAMP relic abundance is determined by the total annihilation cross section which depends on mL, QL and on the available annihilation channels. Since massive (mL > ∼ 1 GeV) charged particles (QL > ∼ 0.01) behave like baryons (heavy ions), primordial nucleosynthesis and the cosmic background radiation temperature anisotropies limit the FCHAMP relic density. Requiring that ΩL < ∼ ΩB/5 leads to a constraint on the QL -mL relation. Further constraints on QL and mL are provided by the invisible width of the Z (QL > 0.16 for mL ≤ MZ /2) and by accelerator searches for massive, charged particles. Our key result is to exploit the fact that in the early Universe, after L ± freeze-out but prior to e ± recombination, the negatively charged L − will combine with the more abundant alpha particles and protons to form tightly bound, positively charged states (fractionally charged heavy ions). The Coulomb barriers between these positively charged
I. INTRODUCTION
We consider the cosmological and astrophysical viability of a fractionally charged massive particle, an FCHAMP, the lightest of which is stable on cosmological timescales. While there is an extensive literature on integer charged CHAMPs and neutraCHAMPs and their neutral counterparts in CHAMP-proton and CHAMPalpha particle bound states (see, e.g., [1] [2] [3] [4] [5] ), in very few of these papers were fractionally charged FCHAMPs explored in any detail. Many of these previous constraints on CHAMPs do not apply to FCHAMPs. Our study is restricted to a fractionally charged lepton L (an L ± particle -antiparticle pair), an SU (3) and SU (2) singlet with weak hypercharge Y = Q L , which couples to the photon and the Z. This choice fixes the total L ± annihilation cross section, determining the relic abundance of L ± pairs in the interstellar medium (ISM) of the Galaxy and on Earth. Requiring that the relic abundance (mass fraction) be bounded limits a combination of the mass, m L , and charge, Q L , providing a lower bound to Q L as a * pgl@ias.edu † steigman.1@asc.ohio-state.edu function of m L [6] [7] [8] . During the post-annihilation freeze out evolution of the Universe, prior to recombination, the negatively charged L − will combine with alpha partcles and protons to form tightly bound, positively charged, heavy ions such as Lα, Lp, Lpp, Lαα. The net positive charges of these exotic heavy ions suppresses late time annihilation of the bound L − with the free L + . This suppression leads to a terrestrial ratio of FCHAMPs to baryons which is so high that terrestrial searches for fractionally charged particles [9] challenge their very existence. In §II the particle physics motivations for the existence of FCHAMPs are outlined along with general comments on existing experimental limits. In §III the relic FCHAMP abundance is calculated and limits are set to m L and Q L . Constraints on Q L and m L from collider searches and from the invisible width of the Z are analyzed in §IV, and those from terrestrial searches for fractionally charged particles in §V. The post-annihilation freeze out capture of negatively charged FCHAMPs by protons and alpha particles is described and the ratio of Lp and Lα to baryons in the present Universe is estimated in §VI. In §VII we compare our results to the bounds from the terrestrial searches to decide if they exclude FCHAMPs -or not. Our conclusions are summarized in §VIII.
II. MOTIVATION
All known color-singlet particles have electric charges that are integer multiples of e, the charge of the positron. However, it is straightforward to construct theories with fractional or even irrational charges. Assuming the standard model SU (2) × U (1) gauge group, the weak hypercharge Y assignments are arbitrary 1 , as are the associated values of electric charge Q = T 3 L + Y , where T 3 L is the third generator of weak isospin. Even "ordinary" values of Y can lead to fractional charges for the "wrong" SU (3) or SU (2) assignments, such as an SU (3) and SU (2)-singlet state with Y = 1 2 . The hypercharge assignments are no longer arbitrary when the standard model is embedded in a simple grand unified (GUT) group, such as SU (5) [10] , but more complicated GUT embeddings allow for fractional charges [11] .
Fractionally charged states are extremely common in superstring constructions [12, 13] 2 . Such fractionally charged particles could acquire very large (string-scale) masses, or could be confined into integer-charged bound states by strongly-coupled hidden sector forces [15] 3 . However, they could also occur in the massless sector of the theory, e.g., acquiring masses in the TeV range from effects related to electroweak physics.
Another motivation is that kinetic mixing between two U (1) gauge bosons [29] can under some circumstances induce small (e.g., millicharged) and generally irrational electric charges for hidden sector particles 4 . In this paper, however, we will only consider larger charges, Q L > ∼ 0.01.
There have been many searches for fractionally charged particles in fixed target and collider experiments, quark searches (e.g., Millikan-type experiments), cosmic rays, and bulk matter searches, as described in a recent review [9] 5 . The lightest fractionally charged particle would have to be absolutely stable (or at least stable on cosmological time scales given the stringent limits on charge non-conservation), and would therefore contribute to the cosmological mass density unless it were so heavy that it was not produced subsequent to inflation.
1 Appropriate combinations of non-canonical fermion charge assignments are needed for the cancellation of anomalies. 2 This is apparent from the Schellekens theorem [14] , which essentially states that any weakly-coupled heterotic string theory with realistic gauge couplings must involve either fractional charges, an unbroken SU (5) gauge symmetry, or higher Kač-Moody embeddings of SU (3) or SU (2). Examples with fractional charges include both heterotic [15] [16] [17] [18] and intersecting D-brane [19] [20] [21] constructions. For general discussions, see [22, 23] . Recent constructions which avoid fractional charges are described in [24] . 3 Such bound state cryptons have been postulated as sources of ultra high energy cosmic rays [25] or as dark matter candidates [26] [27] [28] . 4 See, e.g, [29] [30] [31] [32] . Observational constraints are summarized in [33] [34] [35] . 5 Earlier reviews include [36] [37] [38] . More general reviews of massive stable particles include [39, 40] .
Masses smaller than M Z /2 are excluded by the invisible Z width unless the charge is small (e.g., Q L < ∼ 0.16; see §IV). There have been many searches for heavy longlived particles at accelerators and colliders, but these are difficult to summarize because the analyses are often presented for specific assumptions concerning the charges and other particle properties. For example, some limits only apply to fractionally charged particles that carry color, while others are presented for specific models, such as scalar leptons in supersymmetry. Furthermore, some searches are insensitive to particles with charges below a critical value such as 2/3 because they are not sufficiently ionizing. Searches for fractionally charged particles produced in e ± annihilation have excluded charges > ∼ 2/3 for masses below ∼ 102 GeV [9, 41] . There are more stringent limits from the Tevatron [42] [43] [44] and LHC [45, 46] for heavy quarks or for long-lived integer charged sleptons or charginos. In particular, a D0 lower limit of 206 GeV on the mass of long-lived charged gauginos [43] will be translated into a limit on fractionally charged particle masses in §IV.
For definiteness we consider here the simplest example, that of a new, fractionally charged, massive spin-1/2 particle 6 , an FCHAMP "L", that is an SU (3) and SU (2)-singlet with weak hypercharge (and therefore electric charge) Y , which therefore couples to both the photon and the Z. In calculating the FCHAMP relic abundance the total L ± annihilation cross section enters. In our estimate we consider the dominant annihilation channels 
III. FCHAMP RELIC ABUNDANCE
The relic abundance of FCHAMPs may be expressed as a ratio of their mass density to the critical mass density [7] through the dimensionless mass density parame-
, and ρ c0 , the present critical mass (energy) density, depends on the present value of the Hubble parameter,
For the range of L ± annihilation cross sections of interest here and, for n γ0 = 410.5 cm −3 , corresponding to T 0 = 2.725 K [49] ,
σv ann * .
The thermally averaged annihilation rate factor, σv ann , in units of cm 3 s −1 , is evaluated using the tech-niques in [50] at T = T * ≈ m L /25, the temperature at which the abundance of the L ± pairs begins to depart significantly from their equilibrium abundance [7] . Note that the FCHAMPs are not "frozen-out" at T = T * . For T < ∼ T * annihilations continue to dominate the evolution of L ± pairs, further reducing their abundance. Only when T T * is the FCHAMP relic abundance "frozenout", although even then annihilations continue, albeit at a rate which is much smaller than the universal expansion rate, leaving the relic abundance effectively unchanged.
The relic ratio of the number of L ± pairs to CMB photons is
Observations of the CMB temperature anisotropy spectrum constrain the value of the baryon (dominated by protons and alphas) to photon ratio, n B /n γ ≈ 6.2 × 10 −10 [47] . Barring any significant post freeze-out renewed annihilation (see §V), the present ratio of L ± pairs to baryons is
m 100 σv ann * .
In practice, we will evaluate σv ann at threshold, i.e., T T * , in part because that is the relevant quantity for the subsequent annihilation in the Galaxy and on Earth. We have checked that there is little difference (< 13%) in the rate factor between T = T * and T T * (see Figure  5 ).
A. The Annihilation Rate Factor
The total annihilation rate factor, σv ann , the thermally averaged product of the annihilation cross section and the relative velocity, may be written in terms of the two-photon annihilation rate factor, σv γγ , multiplied by N , a function of Q L and m L (m L ≡ 100 m 100 GeV), which accounts for all the open annihilation channels. 
and Ω L h 2 in the standard model (SM), it is useful to consider L ± annihilation in a "toy model", "pure QED". This model assumes that the FCHAMPs interact purely electromagnetically and that there are no W or Z bosons (or Higgs). In this model the only annihilation channels are L ± → γγ and L ± → f ± . In this case, a QED = 1 and each fermion pair with m f > m L contributes to b QED an amount ∝ q 2 f . For three generations of quarks and leptons, assuming that
where, to account for the top quark threshhold at m L = m t , If Ω L h 2 is fixed, Eq. 4 leads to a quadratic equation for Q for a lower bound to Ω L h 2 is from the requirement that the FCHAMP relic density not exceed the density in cold dark matter, Ω L h 2 < ∼ Ω C h 2 ≈ 0.11 [47] . The region above the red curve in Figure 1 satisfies this constraint. However, charged, massive FCHAMPs do not behave like cold dark matter, they behave more like heavy ions or baryons [35] . The region above the blue curve in Figure 1 is consistent with Ω L h 2 < ∼ (Ω B h 2 ) BBN ≈ 0.022 [51] . However, the relic abundances of the light elements, especially deuterium and helium-4, require this value of the relic density be provided by baryons, so the limit on the FCHAMP density must be even smaller [52] . Following the analysis of Dubovsky, Gorbunov and Rubtsov [52] , the magenta curve in Figure 1 represents
It is the region above the magenta curve in Figure 1 that is consistent with the density constraint; we use this constraint SM from W W (purple) and ZH (black), as a function of mL = 100 m100 GeV. Note that a QED = aγγ = 1.
etc. These would be almost invisible on the scales of the figures and are not explicitly included. Our treatment of final state hadrons as free quarks should be a reasonable approximation for the ranges ( 
ZH as a function of mL = 100 m100 GeV.
The Standard Model
With the pure QED toy model as background, we now return to the calculations of a, b, and the Q L -m L relation for the standard model (SM). In addition to direct two photon annihilation, a SM receives contributions from annihilation to γZ and to Z pairs, as shown in Figure 2 A comparison between the relic density constraints for the toy model (dashed curve) and the standard model (solid curve) which follow from the requirement that Ω L h 2 < ∼ 0.0044 are shown in Figure 5 . The enhanced SM annihilation cross section for 
IV. ACCELERATOR AND Z-WIDTH CONSTRAINTS ON QL AND mL
The review article by Perl, Lee and Loomba [9] provides a summary of the searches for fractionally charged elementary particles. The best accelerator/collider constraint for a generic color-singlet fermion comes from the OPAL collaboration [41] 
The D0 collaboration at the Tevatron has set 95% c.l. lower limits of 206 GeV and 171 GeV, respectively, on the masses of long-lived charged gauginos and Higgsinos [43] . For m L < ∼ 300 GeV these can be approximately translated into limits on unit-charged FCHAMPs by combining the theoretical NLO cross sections and experimental limits (as a function of mass) presented by D0 with the parton-level FCHAMP and gaugino DrellYan cross sections given in the Appendix. We find that m L 142 GeV for Q L = 1. The result can be extended to other values of Q L if one makes the additional assumption that the acceptance depends only weakly on Q L . We assume that this is valid for Q L ≥ 2/3, corresponding to m L ≤ 115 GeV, in which case the combination of the OPAL and D0 collider limits excludes the region in the upper left corner of Figure 6 bounded by the solid and dashed blue lines.
The Z may decay to an FCHAMP pair provided that m L < M Z /2. The limit to the invisible width of the Z, often expressed as a limit to the number of equivalent neutrinos, N ν = 2.984 ± 0.009 [53] , provides a lower limit to Q L ( > ∼ 0.16) as a function of m L 8 . This bound is shown as the red curve in Figure 6 .
The regions above the magenta curves, below and to the right of the red curve, and below and to the right of the blue line and dashed curve in Figure 6 identify the regions in the Q L -m L plane that are consistent with the relic density, collider, and invisible Z-width constraints. We next consider the constraints imposed by terrestrial searches for fractionally charged, massive particles.
V. CONSTRAINTS FROM TERRESTRIAL SEARCHES FOR FCHAMPS
The null results of searches for fractionally charged particles in bulk matter on Earth (E) [54, 55] or meteoritic material (e.g., [54, 56] ) are summarized in the review by Perl et al. [9] . Their 95% confidence upper limits for terrestrial material from the oil drop or magnetic levitometer techniques, (n L /n B ) E < 1.3 × 10 −23 , and for meteoritic material (M), (n L /n B ) M < 7.0×10 −22 , provide enormously stringent limits to free terrestrial FCHAMPs 9 . Since the FCHAMP density is ρ L = 2m L n L and the baryon density is ρ B = m B n B , the ratio of relic FCHAMPs to baryons by number may be written as
The relic abundance of FCHAMPs is many orders of magnitude larger than the upper bound to their density set by the terrestrial constraints. However, long after annihilation freeze out in the early Universe, when the solar system and Earth form, annihilation resumes in the resulting high density, low temperature environment. Indeed, at the low terrestrial temperature (T ∼ 300 K), the annihilation cross section is "Sommerfeld enhanced" [57] from its early Universe value,
where, for free
and,
For equal numbers of positively and negatively charged FCHAMPs, renewed annihilation on Earth is rapid pro-
23 (n L /n B ) [9] . In this case, the annihilation on Earth efficiently reduces the relic L/B ratio to a present value of
The requirement that (n L /n B ) E < 1.
which is shown by the dashed, black curves in Figure 7 . Figure 6 , constraints in the QL − mL plane. The black, dashed curve corresponds to an allowed terrestrial FCHAMP abundance resulting from L ± annihilation over the Earth's history, provided that all relic L − were free (i.e., not bound to alphas or protons). The allowed region is above the black, dashed curve (subject to the collider (blue) and invisible Z-width (red) constraints). See the text for details. 
FIG. 7. As for
is far too small to deplete any free L ± pairs in the Galaxy over the age of the Universe (t ∼ 14 Gyr, Γ ISM ann t 1). In contrast to free FCHAMPs on Earth, those in the ISM are effectively immortal.
A. Constraints on QL And mL
As may be seen from Figure 7 , for Q L < 2 and m L < 300 GeV, the only potentially allowed values of Q L and m L are found above the dashed black curves, subject to the collider (blue) and invisible Z-width (red) constraints. Although the regions above the relic abundance curve (magenta) are consistent with Ω L < Ω B /5, in the regions below the dashed black curves the terrestrial abundance of FCHAMPs, (n L /n B ) E , is too large. For example, over the entire range of Q L and m L shown in Figure 7 , in the absence of further annihilation, the relic FCHAMP to baryon ratio exceeds ∼ 5 × 10 −7 . In the regions above the dashed black curves annihilation on Earth can reduce this ratio to < 1.3 × 10 −23 , consistent with the terrestrial constraints. However, if some FCHAMPs, even a tiny fraction of them, are insulated from annihilation, even these allowed values of Q L and m L values may be excluded by the terrestrial constraints. We address this issue next.
VI. BOUND STATES OF L − WITH ALPHA PARTICLES AND PROTONS
As the early Universe expands and cools, annihilation of free L ± pairs effectively ceases but, at sufficiently low temperatures in the early Universe, after primordial nucleosynthesis (big bang nucleosynthesis: BBN) has converted some nucleons into alpha particles, collisions between alphas and protons and the negatively charged FCHAMPs (L − ) produce bound L − α, and L − p systems (≡ Lp, Lα) [2] [3] [4] [5] with charges 2 − Q L and 1 − Q L respectively. For Q L > 1 (2), Lpp (Lαα) bound states with electric charges 2 − Q L (4 − Q L ) will form, replacing the Lp (Lα) bound states. Because of the exceedingly large ratio of cosmic background photons to FCHAMPs, these bound states can't form until T E b , typically not until T < ∼ E b /40, where E b is the binding energy of the system (or, of the system in its first excited state) [58] . Since for the Lα and Lp bound states this occurs after BBN has ended (T BBN > ∼ 30 keV), these bound states will not affect the BBN-predicted relic abundances (unless Q L > ∼ 2). However, since there are considerably more baryons (nucleons) than FCHAMPs, a significant fraction of all L − will emerge from the early Universe "dressed" by alphas or protons in tightly bound, positively charged, heavy ions. Collisions between the free L + and these positively charged heavy ions are "Gamow suppressed" [59] by their mutual Coulomb repulsion (the flip side of Sommerfeld enhancement between oppositely charged particles). After BBN has ended the fraction of all baryons in alpha particles is n α /n B = Y P /4 ≈ 1/16 [51] , where Y P is the primordial helium mass fraction. Using the estimate in eq. 6 for the baryon to FCHAMP ratio,
In the early Universe alpha particles outnumber FCHAMPs by a large factor. At sufficiently low temperature, T < ∼ E b (Lα)/40, free L − will combine with alpha particles to form hydrogen-like bound states. For Q L < 2, the Lα bound state has a net positive electric charge 2 − Q L > 0, a binding energy However, just because there are more alpha particles than FCHAMPs and Lα bound states can form, does not 10 Since the radius of the alpha particle is comparable to the ground state radius of the Lα ion, the L − will not see the full charge of the alpha particle and there are small corrections to the binding energy and radius which are ignored here. The difference between the alpha particle mass and the reduced mass of the Lα system has also been ignored.
guarantee that they will form. An estimate of the fraction of negatively charged FCHAMPs captured by alpha particles may be found by comparing Lα formation to ordinary proton -electron (re)combination, which occurs when the temperature drops below ∼ E b (H)/40 ≈ 0.3 eV. At this time the recombination rate, Γ pe = n e σv pe , greatly exceeds the universal expansion rate, H, (Γ pe /H) rec ≈ 2.6 × 10 3 [58] . The Lα (re)combination rate, Γ Lα,rec ≡ (n α vσ Lα ) rec may be scaled to the pe recombination rate, since n α n e rec ≈ 1 12
where
, and
so that
Since pe (re)combination occurs close to when the Universe is making the transition from radiation dominated to matter dominated,
For Ω M /Ω R ≡ 1 + z eq ≈ 3. 2 , where (1+z Lα,rec )/(1+ z pe,rec ) = T Lα,rec /T pe,rec , so that Figure 8 . Although for parts of this Q L range most of the negatively charged FCHAMPs may escape capture by alpha particles leaving them vulnerable to annihilation, a non-negligible fraction of them will be sequestered in tightly bound, positively charged Lα ions, insulating them from annihilation with their free, positively charged counterparts. This leads to a ratio of the surviving FCHAMPs to baryons on Earth, f L (n L /n B ), far in excess of the limits set by the terrestrial searches ( < ∼ 1.3 × 10 −23 ) [9] .
While the evolutionary history of meteoritic material is uncertain, such samples may represent a bridge from interstellar to terrestrial matter. Since in the ISM Γ ann ∆t 1, even for free FCHAMPs, the interstellar FCHAMP to baryon ratio is the relic value (see eq. 6), far exceeding the limits set by searches for fractionally charged particles terrestrially or in the meteorites ( < ∼ 7.0 × 10 −22 ) [9] .
B. Capture of L − By Protons
Since the fraction of all baryons in the early, post-BBN Universe which are free protons is n p /n B = 1−Y P ≈ 0.75 [51] , the FCHAMP to proton ratio, by number, is
The Lp bound state forms later than the Lα ion, when
L keV, and a ground state radius r(Lp) ≈ 29/Q L fm.
As was the case for the capture of L − by alpha particles, it must be asked what fraction of any free L − , those which escaped earlier capture by alpha particles, will be captured by protons when T < ∼ T Lp,rec . Scaling the above analysis for Lα to the Lp system results in
is shown in Figure 8 (solid blue curve) .
The fraction of all negatively charged FCHAMPs which are either captured by protons or by alpha particles, (20) ranges from > ∼ 5.4 × 10 −3 to < ∼ 0.97 as Q L increases from 0.2 to 1 (see Fig. 8 ).
It is likely that later in the evolution of the Universe, e.g., in the galactic interstellar medium or, perhaps in stars, strongly exothermic charge transfer reactions Lp + α → Lα + p will rearrange all the bound, negatively charged FCHAMPs into Lα heavy ions with charge 2 − Q L > 1.
Lpp Bound States
For Q L > 1, the Lp bound state is negatively charged, which would result in an enhancement of the annihilation with free L + . However, when Q L > 1, two-proton bound states with L − become possible. Scaling to the binding energy of the H − system (replacing the proton with an L − and the two electrons with two protons), for
Repeating the above analysis for the formation of the Lpp bound state leads to the dashed blue curve in Figure 8 . For Q L > ∼ 1, the Lp bound states are "replaced" by Lpp bound states with positive charge 2 -Q L (for Q L < 2).
Lαα Bound States
The analysis here has been limited to Q L < 2. For Q L > 2 the Lα bound state has negative charge and this might lead to an enhancement in the late time annihilation of L ± pairs. However, in analogy with the formation of the Lpp bound state when Q L > 1, a two-alpha bound state can form with L − when Q L > 2. Scaling to the binding energy of the neutral helium atom (replacing the helium nucleus with an L − and the two electrons with two alpha particles), for
For Q L > ∼ 2, the Lα bound states would be "replaced" by Lαα bound states with positive charge 4 -Q L (for Q L < 4). We note that for Q L > 2, Lα (re)combination would occur for T rec > ∼ 40 keV, during BBN (after the formation of alpha particles). It is not unlikely that these negatively charged particles might alter the BBN abundances of nuclides heavier than helium by helping to bridge the gaps at mass-5 and mass-8, perhaps leading to the BBN formation of L − bound states with C, N, O nuclei which would have even larger positive charge. Investigation of this possibility is beyond the scope of this paper.
VII. DISCUSSION
Consider the consequences of the capture of L − by alpha particles and protons in the early Universe. Over the range 0.01 < ∼ Q L ≤ 2/3 (1 < ∼ m L ≤ 115 GeV), the fraction of the relic, negatively charged FCHAMPs in positively charged bound states with alpha particles or protons increases from ∼ 3 × 10 −8 to ∼ 0.49. Even though this leaves most of the relic L − free to annihilate on Earth with the relic L + , the bound L − are insulated from annihilation. For m L ≤ 115 GeV, the surviving ratio of FCHAMPs to baryons on Earth, f L (n L /n B ), exceeds ∼ 9 × 10 −11 , more than 12 orders of magnitude higher than the terrestrial upper limit. All combinations of Q L and m L in this regime are excluded. The conflict is even worse at higher masses. For 142 ≤ m L ≤ 300 GeV, the D0 constraint [42] provides an upper bound to the charge which increases with m L , from Q L,max = 1.0 at m L = 142 GeV to Q L,max = 10.3 at m L = 300 GeV, leading to a lower bound to the relic FCHAMP to baryon ratio which decreases from n L /n B > ∼ 6 × 10
GeV there is no upper bound to Q L so that for fixed m L the lower bound to the relic FCHAMP to baryon ratio decreases as a power of
L . However, to reduce the FCHAMP abundance on Earth to a level consistent with the terrestrial upper bound would require a value of Q L far in excess of the range considered here.
A. Prying Open The Window For FCHAMPs
The very strong conclusions reached here, precluding the existence of FCHAMPs with Q L > ∼ 0.01 (m L > ∼ 1 GeV), follow from the very low upper bounds to the FCHAMP to baryon ratio on Earth inferred from many oil drop and magnetic levitometer searches using terrestrial material (see [9] and references therein). However, these searches become insensitive to FCHAMPs as Q L approaches an integer. According to Perl et al., If, indeed, the combinations of Q L and m L shown in Figure 9 have not been excluded by searches in terrestrial material, such FCHAMPs may be observable in the cosmic rays. The cosmic rays result from the acceleration of material in the ISM of the Galaxy and if the interstellar FCHAMPs are efficiently accelerated 11 , the resulting cosmic ray FCHAMP to nucleon ratio might be detectable. Since free, as well as bound, ISM FCHAMPs avoid annihilation, the predicted distribution of fractionally charged particles in the cosmic rays provides a smoking gun for FCHAMPs. For example, depending on the value of Q L , there will be free L ± with q = ±Q L , along with Lα with q = +(2 − Q L ) and Lp with q = +(1 − Q L ) (and/or Lpp with q = +(2 − Q L ) for Q L > 1 and Lαα with q = +(4 − Q L ) for Q L > 2). The relative abundances of these charge states is determined by the relative capture fractions, f Lα , f Lp (f Lpp , f Lαα ), and f tot (see Figure 8) .
To illustrate the potential of the cosmic rays to provide a smoking gun for 
VIII. CONCLUSIONS
FCHAMPs with Q L > ∼ 0.01 and m L > ∼ few GeV behave like heavy baryons [35] , leading to an interesting constraint on their relic mass density [52] ,
However, if this constraint were saturated the relic FCHAMP abundance on Earth would be orders of magnitude larger than the limits set by the negative results of searches for terrestrial, fractionally charged particles. But, if the relic terrestrial FCHAMPs consisted of "free" L ± pairs, renewed, Sommerfeld enhanced, annihilation would have occurred over the past 4.5 Gyr in the high density, low temperature environment of the Earth, reducing the relic abundance and resulting in a range of Figure 7 ) consistent with the upper bounds inferred from the terrestrial searches. However, as we have noted (see §VI), in the early Universe after L ± freeze out, negatively charged FCHAMPs will be captured into positively charged bound states with alpha particles and protons, suppressing any further, late time annihilation. This would appear to close the window on any FCHAMPs with 0.01 < ∼ Q L < 2 (< 4). Although a "natural" upper bound for the range of the electric charge of an FCHAMP might be Q L < 1, we have extended the analysis here to Q L < 2 (or, to Q L < 4 by including Lαα). We expect that larger values of Q L would also be excluded by the 11 Note that FCHAMPs have a much smaller charge-to-mass ratio than do the ordinary nucleonic cosmic rays which may affect the acceleration efficiency.
negative results of searches for fractionally-charged particles on Earth because of bound states with multiple α's and/or heavier nuclei. In that case, Eq. 6 would suggest that only enormous values of Q L (> 10 4 − 10 5 ) would be allowed. We have not considered the very large Q L scenario here because it would likely require modifying BBN and, furthermore, perturbative calculations would break down for αQ 2 L /4π = O(1). Note that for m L < ∼ 300 GeV, the D0 constraint [42] suggests that Q L,max < ∼ 10.3, resulting in a lower bound to the relic FCHAMP to baryon ratio, n L /n B > ∼ 7 × 10 −7 .
Having argued that the extremely low upper bound from terrestrial searches for FCHAMPs has closed the window on such particles, we then noted that such searches may have been insensitive to FCHAMPs whose charge is close to an integer (|Q L −n| ≤ 0.25) and we identified some islands in the Q L -m L plane (see Figure 9) where fractionally charged massive particles may not have been excluded. FCHAMPs with these charges and masses would reside in the ISM of the Galaxy and may have been incorporated into the cosmic rays. Searches for such particles and, if there is evidence for them, the ratios of different charge states (
etc.) can provide a smoking gun for the existence of FCHAMPs. It is also anticipated that the collider limits, especially for large Q L and m L , will be considerably strengthened at the LHC.
Annihilation to ff
Define y f L (y f R ) as the weak hypercharge of the left (right) chiral projection of fermion f , so that
for the quarks and −1/2 for the leptons). The U (1) Y boson couples with strength g y f L to f L , with strength g y f R to f R , and with strength g y L = g Q L to L. The full expression, including m f , M Z , and Γ Z is too complicated to give here, but is included in the plots. In the limit m L m f , M Z ,
where g = g tan θ W and C f = 3 (quarks) or 1 (leptons) is the color factor. Note that e = g sin θ W . Eq. A.1 is equivalent to the QED expression (σv) 2) except that (in this limit) it is the U (1) Y boson B that is actually exchanged. That is, for m L much larger than the electroweak scale, one can think of W 3 and B exchange rather than γ and Z exchange. However, the W 3 does not couple to L since it is an SU (2) singlet. Including a final mass m f < m L , 
Annihilation to γγ, γZ, and ZZ
The cross sections for these channels are 4) where r Z ≡ M Z /m L . For m L M Z , the sum reduces to 5) which is just the BB cross section since g 4 tan 4 θ W = g 4 .
Annihilation to ZH, where H is the Higgs boson
The cross section for the ZH annihilation channel is It is at first surprising that this is nonzero. For large m L the γ and Z contributions cancel, leading to a factor M 2 Z /m 2 L → 0 in the amplitude (i.e., one expects only the linear combination corresponding to the B to survive, but the B doesn't couple to W + W − ). However, the polarization vectors for the longitudinal W ± each vary as m L /M W in that limit, leading to a finite amplitude. The same result can be derived using the equivalence theorem [60] at high m L .
Annihilation total for two bosons
The contributions of the diboson channels to a SM and b SM are shown as a function of m L in Figure 2 , including the effects of M Z and Γ Z . The Higgs mass is taken to be 120 GeV.
Drell-Yan production of FCHAMPs and gauginos
The high-energy parton-level cross section for FCHAMP (L + L − ) and charged gaugino (W +W − )
